A suite of thermodynamic models of the gas turbines on the DDH 280 class destroyers has been developed for onboard diagnostic purposes. The models are based on a fundamental description of the engine components and allow the Engineering Officer to simulate a variety of faults as a means of duplicating observed measurements.
INTRODUCTION
Aircraft derivative gas turbines have achieved widespread acceptance for main propulsion of major warships, largely because of their advantages of low weight and volume to meet a given power requirement.
The introduction of the aero gas turbine to naval propulsion led to the concept of overhaul by replacement rather than repair on-board.
Gas turbines are inherently reliable, but in the hostile marine environment it is inevitable that some operational problems and degradation in service will occur.
Sea going engineers must make decisions regarding engine condition and the need to restrict engine usage or even to remove the engine from service. It is important to realize that even in a large navy with many gas turbines in operation, each individual engineering officer must make his decisions largely in isolation.
Although a large body of operating experience has been built up in the last decade and the level of gas turbine expertise is growing steadily, naval career structures effectively slow the formation of a cadre of experts with in-depth knowledge of gas turbine behaviour.
The long term solution to this problem, which is unique to navies, is, clearly, the continued training of personnel together with the evolution of increasingly reliable ships' systems.
The continuous development of machinery automation and ship-borne information systems provides scope for improved overall system reliability; this is particularly true for the gas turbine propulsion system, as it requires years of experience to acquire a "feel" for the proper operation of the turbines.
For this reason, it would be of great value to provide a training system which would permit operators to study the behaviour of engines subject to arbitrarily controlled deterioration, a system of this sort being referred to as a Diagnostic Model.
With the compact nature and power of modern digital computers such a system could be used both for on-shore training and on-board machinery monitoring.
A Diagnostic Model has been developed and implemented on a mini-computer .
Following the software development a suitably ruggedized version was installed on HMCS Algonquin for sea trials.
It should be emphasized that the system is intended to provide the Engineering Officer (E.O.) with information, to help him in making informed decisions; it is not intended that the computer should make decisions.
Review of Engine Health Monitoring Techniques
Engine Health Monitoring (EHM) covers a wide variety of techniques, some of which have been in use for many years.
Techniques which are used successfully in land based applications may not be suitable for the special needs of naval vessels operating at sea.
EHM systems may be considered under three main categories; mechanical health, oil analysis and performance analysis. A review of these techniques is given in (1) and it should be realized that they should be used in conjunction to get the most comprehensive view of engine condition.
Mechanical Health.
The most common approach is vibration monitoring, which is very widely used. Analysis can range from a single threshold setting, exceedance of which will trigger an alarm, to very detailed analysis by specialists which separates the signals on the basis of direction and frequency content. This covers the range from magnetic chip detectors, through Spectrometric Oil Analysis Procedure (SOAP) to the most recent development, Ferrography. The more advanced techniques appear to have limited use for on-board applications.
Performance Analysis. This can range from simple Trend Analysis to the much more sophisticated Gas Path Analysis.
The former simply trends measured parameters with time and the latter makes additional deductions (possibly requiring extra instrumentation) permitting analysis of which engine component is at fault.
It is probably fair to say that none of these methods have been outstandingly successful to date.
Problems have been encountered with sensors, instrumentation, displays and the difficulty of interpreting data over a wide range of power settings.
Trend Analysis has often been made difficult because of variation in both power setting and ambient conditions, but it has been shown (2) that this can be taken care of with little expense.
Gas Path Analysis, however, is much more sophisticated and puts more of a burden on the Engineerring Officer; a method for use with twin-spool gas turbines, based on the shift of relative rotor speeds, was described in (3) .
In general, however, Gas Path Analysis is likely to be too complex for use by the normally qualified sea-going engineer unless he can be provided with considerably more information.
The Diagnostic Model, originally conceived for training purposes, has proved to be well suited for EHM as well. This is fundamentally due to the fact that the model is based on first principles and is capable of simulating the behaviour of an engine both in good condition and subject to arbitrarily controlled deterioration. The model can be used either to generate trends of key parameters or produce fault matrices for specified component defects and is extremely flexible in operation
PHILOSOPHY OF DESIGN
The system was designed for use on the DDH 280 class destroyers operated by the Canadian Forces. The propulsion system on these ships was fully described in (4) and consists of a COGOG system, using Pratt and Whitney FT12 engines for cruise and Pratt and Whitney FT4 engines for boost, driving controllable pitch propellers.
Both gas turbines have a free power turbine, but the FT4 has a twin-spool gas generator. The Diagnostic Model, therefore, had to be capable of dealing with two quite different engine configurations.
The two primary objectives of the Diagnostic Model are:
Personnel training in EHM
In order for the model to achieve widespread acceptance for personnel training, credibility to normal qualified sea-going engineers is absolutely essential. A basic requirement, therefore, is that the model must be capable of presenting information in a manner similar to that experienced on board ships; it is necessary to cover the entire running range of the engine, including extremes of ambient temperature.
In addition, it must be capable of demonstrating the effects of in-service degradation, mechanical failures and sensor degradation or failure.
These demanding requirements have been satisfied by developing a comprehensive mathematical model of the engine, approached from the viewpoint of the engineering thermodynamicist.
The resulting model offers the capability of providing engineers with detailed information which can be used for making informed decisions on engine condition.
In order for the model to be capable of describing the effects of different engine faults, it must be sufficiently detailed that each component is treated separately.
Synthesis of engine behaviour is, then, a matter of computing the interaction between the major components based on a description of each.
It is important to realize, therefore, that the resulting computation of engine behaviour will be very much dependent on the accuracy with which the performance of each component is known.
Thus, the underlying basis of the Diagnostic Model is its ability to represent engine faults as changes in the behaviour of the suspected component.
The following basic elements are required for the model:
a means of synthesizing overall engine performance (iii) a means of modifying the description of each component as a result of a specified fault.
Element (i) requires that the compressor and turbine characteristics be known; these specify the variation of flow, pressure ratio and rotational speed and are normally presented in terms of so called non-dimensional groups (5). Element (ii) requires a procedure for matching the compressor and turbine characteristics, which basically means satisfying compatibility of both flow and work for specified machinery arrangements. The methods for performing these calculations, which are tedious but straightforward, are fully described in (5) .
It should be realized that models based on this approach are extremely general in nature, and are applicable to a wide variety of applications.
Pipeline gas turbines, for example, can be modelled in an identical fashion, but tailored to meet the quite different needs of pipeline operators (6).
A major problem to be overcome at this stage is the fact that component characteristics are probably not available to the analyst, and it is necessary to estimate the data required.
Several methods are available for this purpose, probably the simplest method being the use of 'generalized' characteristics as described in (6).
Matching calculations yield results such as those shown in Figure 1 ; the independent variable may be gas generator speed, as shown, or Engine Pressure Ratio.
It will be recognized that results such as those shown in Figure 1 can be measured directly on a test bed or the ship itself; these measurements can be used directly to validate the model.
ROTOR SPEED (N /fi )

Figure 1
Typical Engine Performance Figure 2 shows typical data measured on normal ship's instruments over an extended period of time; it is interesting to note that there is actually very little scatter, despite the frequently voiced worry that operational data is difficult to gather because of instrument reliability and repeatibility problems. Data taken from a ship for key operating parameters such as power turbine entry temperature and compressor delivery pressure were used to establish baseline data required for the validation of the model.
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Operating Data
The last element requires methods of simulating the effects of component degradation due to problems such as compressor fouling, turbine erosion or coking and mechanical damage. These can be simulated by factoring the flow or efficiency characteristics; little expermental data is available, but the pipeline application discussed in (6) demonstrated the ability to simulate compressor fouling and internal seal leakage to the satisfaction of experienced operators.
With these elements in place it is possible to implement the Diagnostic Model on a mini-computer with quite modest capabilities.
The requirements of the Diagnostic Model for the DDH 280 class were met using a PDP 11-23 digital computer.
It should be clearly understood, however, that the computer is envisaged as part of the overall information system but the decisions will be made by qualified engineers.
The conceptual design of the Diagnostic Model is relatively straightforward and attention must now be turned to the functional requirements for a system for use at sea.
FUNCTIONAL DESIGN CONSIDERATIONS EHM as Part of Ship Automation
As computer technology is applied to an ever increasing number of tasks in the normal running of ships, there appears to be a strong tendency to automate everything in sight.
It is the authors belief that automation can be overdone and, in some circumstances, is quite wrong.
In developing a functional specification for the diagnostic model it was worthwhile examining the nature of the EHM function in the context of automation of ship's machinery.
The development of automatic controls has been driven by the need to make adjustments to the equipment setpoints more quickly than could be achieved by a human operator.
Control operations can be broken down into (a) governing at a selected setpoint and (b) machinery protection, the latter being imposed by emergency conditions.
In the design of an automatic control, one has got to decide which parameters must be monitored automatically and then sub-divide these parameters into those which can trigger automatic action, those which trigger alarms and those which are simply logged. This aspect of the automatic control is, in every sense, an EHM function and carries with it an implied relaxation in the rate of sampling of data as the degree of criticality lessens.
As system sophistication increased and CF became more conscious of the need for monitoring from a machinery management viewpoint, the requirement to collect data at much lower rates (say once per watch) emerged; at the moment, these data would have to he collected and logged by hand.
Since the sensors have to be provided in any case, the modernization of ship's machinery controls encompasses the expanded EHM role and the system design of the Diagnostic Model required that this be taken into account.
The foregoing discussion points to the control and surveillance functions as sensible areas for automation. These actions can be defined precisely, are highly repetitious and thus a natural application for computers. The EHM role which goes beyond immediate protection of the machinery is considerably less well defined; it may or may not be repetitious and it usually involves other considerations.
The data handling aspects of this function are quite sensibly automated; however, the decision making processes involved are much more managerial than technical and their automation is viewed to be a mistake by the present authors.
What was required, therefore, was a system which automated the data collection, processing and display functions and provided workable tools by which a human mind could decide the best course of action.
This approach allows the Engineering Officer to take account of other considerations which cannot be deduced from the data and affords the opportunity to learn and adapt to changing circumstances and equipment.
Similarly, the tools used to evaluate possible problems offer him the opportunity to train additional staff, thereby contributing in a positive sense to the chronic problem of staff changes. As mentioned earlier, the E.O., when at sea, must largely operate independently and needs as much help as possible in making informed decisions.
Application of Diagnostic Model
To relate the diagnostic model to the day-to-day running of actual engines required the development of computer based monitoring functions which reduced daily measurements to standard conditions, computed deviations from normal operation and displayed these deviations as trends with time.
It was then possible to provide functions by which the average deviations at any point in time could be captured and compared to matrices of pre-computed faults.
The fault matrices are intended for use as a guide to the E.O. to eliminate absurd possibilities; the fully detailed model is his tool for fault diagnoses through trial and error simulation of faults which might duplicate the deviations observed. This process allows him to take into account observations which he has made by other means and also to learn about the effects of various faults on the engine and to develop a feel for the magnitude of these effects.
SOFTWARE DESIGN
The current philosophy of adding the EHM function to the ship's machinery control and surveillance system suggests the use of a modest size computer which places some constraints on software design.
The software for the diagnostic model was, therefore, tailored to the speed and capacity of a typical, general purpose, 16 bit mini-computer.
A general hierarchy diagram for the software is presented in figure 3 .
Bearing in mind that the various functions of data input, computation of trends, storage, retrieval and display represent a substantial amount of software in themselves and that a certain degree of duplication is necessary to manage data from four engines, one realizes that considerable interaction with the data storage device was inevitable. If one now adds to the system sufficient software to provide fault modelling and diagnostic capability for two different engine types, the amount of code far exceeds the capacity of the machine to retain all programs in memory at once.
This suggests swapping of programs in and out of memory which, on a typical 16 bit mini-computer, can be quite time consuming.
It furthermore involves the user in computer operating procedures which can be frustrating and confusing unless adequate training is provided.
It was necessary, therefore, to examine the various EHM functions in the context of operations on the ship and to develop a software structure which was appropriate to that environment. Current machinery operating practices on-board DDH 280 class ships do not include the use of computers. Furthermore, the normal functioning of the ship must not be disturbed. Thus, the software had to be arranged such that the data input procedures were as easy to use as a manual log and just as available. This suggests that the data input segment of the program should be in memory at all times and further suggests a graduated level of user; i.e., regular watchkeeper to input data, chiefs of watch to examine trends and to note variations in trends and Engineering Officers to perform analysis, the latter involving some interaction with several programs.
The software structure developed for the DDH 280 EHM development consisted of three main segments. a) normal data collection and trending for all engines b) diagnostic models for main engines c) diagnostic models for cruise engines
Communication between the various programs is entirely through data files consistent with the fact that there are three distinct users of the system.
HARDWARE DESIGN AND DEVELOPMENT
A review of available computer packages quickly lead to the conclusion that no single packaged system was available to meet the requirements of operation onboard ship. It was decided, therefore, to assemble the system from stock components and to package it for the specific use of CF ships.
The equipment complement selected to implement the diagnostic model is summarized in Table 1 . Design of the physical installation for the diagnostic model presented its own unique set of problems. The original premise was that a set of hardware was needed for only a twelve month trial period and the only requirement was to evaluate the EHM concepts involved. However, it quickly became apparent that these concepts would be "evaluated" by more than the ship's engineering staff and that sailor acceptance was in large measure dictated by the ease with which the system could be used.
In fact, it should be fun!
The second major constraint on the equipment design was physical size. The modular concepts adopted by the computer industry were judged by CF to be unacceptable for a number of reasons ranging from the potential for theft of a component through to the requirement to ruggedize each module.
This dictated a single package which had to be installed in a make-shift location for a year. This make-shift location was atop the emergency steering console in the NCR and as such was highly exposed to traffic and the potential for damage. Thus, the package had to be very rugged with vibration isolation to protect it from expected jolts and normal ship vibration. To ensure reasonable safety of the equipment, the membrane keyboard was arranged to be stowed in a special compartment which could be locked up when not in use.
Similarly, the access holes for the cassette tape drives could not be left exposed due to the potential for idle fingers to damage the drives (chewing gum wrappers, cigarette butts, etc.).
A mechanism that locked a flap over these access holes was provided which operated in conjunction with the lock up mechanism for the keyboard.
Finally, as Figure 4 indicates, the only external control of the computer apart from the keyboard that could be permitted was a keyed ON/OFF switch.
Again, this requirement was dictated by the potential for damage due to both its exposed location and heavy handed operators.
It is emphasized that the assembly of the hardware for the diagnostic model involved only plug compatible components and it was intended that no custom design of electronics would be required.
While the latter held true, the assembly of these components into such a confined space was not without problems. Figure 5 shows the location of the tape drives and the magnetic discs relative to the display monitor CRT.
A strong magnetic field from the CRT was expected, however, the shape of this field was extremely non-linear and caused considerable difficulty with the magnetic storage devices.
A headset and a telephone receiver coil were used to map this magnetic field and once this information was available, an appropriate electromagnetic shield could be designed to protect both the disc and the tape units.
A second and perhaps obvious problem area was that of cooling the unit.
The backplane and power supply assembly came equipped with a small cooling fan; however, this unit was designed on the premise that the cabinet would provide no significant resistance to the flow of air.
For the assembly described in this paper, filtering of the incoming air was judged to be a necessity.
Furthermore, several major power absorbing units were added to the package and enclosed in the same cabinet.
Thus a second fan was provided to boost the flow of air through the unit. This second cooling fan was initially case mounted, however, this arrangement caused a severe resonance with the case and a separate frame mounting had to be provided for the fan unit.
Finally, integration of the system components exposed development problems typical of this type of equipment. For example, one of the tape drives was found to be faulty after a.lengthy period of trouble shooting and a functional fault was found in the micro-program driving the graphics display system.
A burn in period of 3 weeks after final assembly was judged to be an adequate test of the equipment.
OPERATOR FEATURES OF DIAGNOSTIC MODEL
While some emphasis had to be placed on the development of rugged hardware to evaluate the diagnostic model, the most important features of the system from an operational viewpoint are the software modules through which the operator interacts with it.
As mentioned previously, the diagnostic model has several operational modes as follows:
Data trending package b)
Data analysis and diagnostics c)
Operator training
Each of these modes required careful design of software interface modules and are discussed in the following sections.
Data Trending
The first level of usage of the diagnostic model is that of collecting and trending data from the engines.
These data are collected and entered by the watchkeeper and since this was the first exposure to computers for most of the men involved, a very considerable amount of time was spent in developing input display forms which would guide him through the process in a foolproof manner.
A standard input format was adopted for each engine. The format of the input page for the cruise engine is shown in Figure 6 . Upper and lower bounds were placed on each input; the data were checked against these limits at the time of input and the user could not proceed until he had successfully input correct information.
A number of HELP features were added to enable the user to request additional information about each input which further explained the requirements.
Prior to processing the data, the user is given a chance to check and make changes to the information. Following initial screening by the user, this set of programs is used to correct for ambient conditions and compute deviations from the baselines.
The deviations are displayed on the screen to give the user one last chance to purge them of obvious errors.
At this point the data are added to the historical file for that engine. .00 in.Hg ST -Shaft torque: x1000 ft lbs -Press HELP for input information referring to the field at which the cursor sits -Press HELP again for key commands description and additional input information
Figure 6
Input Page for Cruise Engines
The data trending package makes it possible to display plots of computed deviations in graphical form which enables the watchkeeper to see changes in both thermodynamic and vibration parameters as a function of time.
A typical plot is shown in Figure 7 . These trends consist of the last 100 data sets and are available in hard copy format in either graphical or tabular format. The primary purpose in providing these features to the watchkeeper is to enable him to bring any anomalies to the attention of the E.O. who is in a position to do a more detailed analysis.
Figure 7
Typical Trend Plot
Data Analysis and Diagnostics
The analysis of the collected data is to be carried out by the Engineering Officer. All of the data inspection features discussed in the previous section are available to the E.O., which enables him to observe the trends and to extract specific data points for further analysis. This latter is achieved by use of a moveable crosshair on the screen which can be positioned to any point in the trend.
This technique has been employed because the data will inevitably contain considerable scatter which requires smoothing.
Computer algorithms were ruled out because they tend to also smooth out abrupt shifts in data which could be very important.
Since the human eye is an excellent filter, the crosshair feature was chosen as the best means of data extraction. By selecting a specific point in time, the operator can set the crosshairs and save the deviations defined by its position.
The set of deviations defined by this process is then passed to a fault matrix for comparison with standard computed faults.
The fault matrix for the cruise engine is shown in Figure 8 .
It is noted that the numerical values of the currently extracted deviations are shown along the bottom of the matrix and their sign (±) is used as the basis of eliminating a wide variety of potential faults.
The purpose of this analysis is to select single or multiple faults which are suspected to have caused the observed deviations.
It remains then for the E.O. to perform trial and error runs using the component models to find a combination of faults of specified severity which best matches the deviations extracted from the trends. The final major use of the diagnostic model is that of operator training. This requirement ranges from a simple explanation of how a gas turbine works to a need to know symptoms of trouble and how to spot them.
The diagnostic model provides a training mode which enables an operator to "run an engine" over its complete operating envelope.
For the DDH 280 class, operating modes can be automatic or manual and these modes were duplicated in the model.
A software display panel was provided which presented the key parameters of interest. An image of this display is provided in Figure 9 . 
